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1. INTRODUCTION

Although the Closed-Chamber Data Analysis Program BR'CB (Oberic and Kooker 1993)1 was

originally developed to support the work of the High Pressure Combustion Research Team of the

Propulsion and Flight Division of the U.S. Army Research Laboratory, its use throughout the combustion

community has resulted in the identification of additional features which if incorporated would enhance

the programs utility. The requested features were: (1) calculations to determine vivacity, (2) inclusion

of addilional propellant grain form functions for rolled ball and rosette geometries, and (3) editing

capabilities when dealing with multi-layered propellant grains (specifically, the ability to edit the input

thermochemical information). The objective of this report is to document the inclusion of these options

into the BRLCB program and provide the user with details on their use.

2. VIVACITY CALCULA'rlON

In addition to the measurement of a propellant's bum rate, a comparison of the closed-chamber

pressure-time curve with the pressure-time curve of a "standard" or baseline propellant is often used to

lcharacterize a propellant's combustion behavior. Some of the more common measurements/comparisons

are dynamic vivacity, regular vivacity, relative force, and relative quickness. Generally, these comparisons

or measurements involve the time derivative of the pressure (dP/dt), maximum pressure (Pmax), and

instantaneous pressure (P). For example, dynamic vivacity is defined by

Dynamic Vivacity dP/dt (1)
(P * Pm:,.x)

J In order to facilitate the calculation of these quantities, an additional sub-option has been added to

BRLCB. This sub-option is provided to the user just prior to exiting Option 5, Smooth Pressure/Time

Data, of the Main Menu. Belbre exiting Option 5, the user is offered the option of perlorning the

vivacity calculation. If the vivacity calculation is selected, the user is asked to provide a file name I-r

the vivacity information. The BRLCB program places no restrictions on the file name fbonat; however,

a file extension of .VIV is recommended to prevent duplicating file names automatically generated by

BRLCB. The fbomat of the vivacity file is given in Table I and consists of five columns, as shown in

the table. Although the dynamic vivacity is the only above mentioned quantity calculated, all the other

tObxrle, W. F., and D. E. Kouker. "IIRLCII: A Closed-Chmnuber Data Analysis Program Part I and Il- -1Thory and User's

Manual." ARI.-TR-36, U.S. Army Research Lahlratory. Aberleen Proving (;round, MD), January 199)3.



quantities can be computed using the information supplied in the table, provided the "reference propellant"

information required for relative force and quickness is known.

Table 1. Format of Vivacity File

Column 1 2 3 4 5

Quantity Time Pressure Pressurc/Pmax dP/dt Dynamic Vivacity

Units s MPa (..) MMPa/su I l/(MPa-s)

a MMPa = Million MPa

To validate the computer coding of the vivacity sub-option, the interior ballistic code IBHVG2

(Anderson and Fickie 19 87)t was used to simulate a pressure history (see Table 2 for specific input data

utilized in the simulation).

Table 2. Input Parameters Utilized in IBHVG2 to Generate a Pressure
History Used to Validate the BRLCB Vivacity Calculation

Chamber Volume (cm 3) 300

Propellant:

Geometry Spherical
Diameter (cm) 0.5

Mass (g) 91
impetus (J/g) 1,140
Flame Temperature (K) 3,410
Molecular Weight (-) 24.87
Covolume (cm 3/g) 0.996
Ratio of Specific Hleats (-) 1.225
Density (g/cm 3) 1.58

The pressure history generated by IBHVG2 was then used in BRLCB with the vivacity calculation

option selectcd. Results from the BRLCB v0,":,itv calculations were then compared with results obtained

from directly computing the quantities listed in -bible I from the pressure history. The percentage

t Andersmn, K. D., and K. 1). Fickie. 1BHV(C2- A User's (uide." BRL TR-2829. U.S. Army |es'a;irch ILaboraimaty, Aherdecii
Proving (found(l, MD), July 1987.
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difference between the two calculations is shown in Figure 1. As seen in the figure, the maximum percent

enror is approximately 0.02%. Considering that dP/dt was numerically calculated for both the BRLCB

and the direct calculation the results are consider virtually identical. Thus, the vivacity routine included

in BRLCB is correctly performing the desired calculations. Appendix A contains the code listing for the

vivacity calculation added to BRLCB.

3. ROLLED BALL AND ROSETTE PROPELLANT GRAIN FORM FUNCTION

Two additional propellant grain form functions have been added to BRLCB--hcI rolled or squashed

ball and a general rosette form function.

The geometry of the rolled ball is shown in Figure 2. Required dimensions arc the overall grain

diameter, D in Figure 2, and the thickness between the flat surfaces of the grain, T in Figure 2. The

equations utilized to computc grain volume and surlace area arc those used in the interior ballistic code

IBIIVG2.

As described in the User's Manual (Oberle and Kooker 1993),) to verify te : oding for a grain form

function, IBHVG2 is used to generate a pressure history for a simulated closed-chamber firing. Input

values utilized in IBHVG2 for the rolled ball grain geometry are given in Table 3.

The percent difference between the BRLCI3 derived burn rate and the assumed burn rate used in

IBHVG2 (see Tabl, 3) is shown in Figure 3. Due to the decimal accuracy of the input data from

IBHVG2 and roundofl/t"runcation, errors associated with the numerical routines utilized in the program

the maximum percent difference of less ihan 2% is considec, insignificant (see User's Manual iOberlc and

Kooker 199311 for details). I'hus, the coding for the rolled ball )ropcliant is correct.

The geometry of the rosette lorm function is shown in Figure 4. The required dimensions arc Outer

diatneter; length: perforation diamctcr; inner, middle, and outer web. A-lowevcr, ior the equations used to

determine volume and surface area (identical to those used in IBHVG2). the inner and middle webs must

be equal. In addition, the form function is generalized for 7, 19, 37, etc., ptrforations which arc

determined by entering the number of perforation rings. T'he relation between rings and the most common

number of perforations is given in Table 4. The generalized relationship (n is number of rings and P

t Oberle, W. F., and I). F. Kookor. "FRI.CB: A Closed-(Chanmber D)ata Analysis Program Part I ;nd It. - Theory and User's
Manua;." ARL.TR 36. UI.S. Army Research Labloatory, Aberdeen Proving (;ionmd, MD), Januia:1ry 1993.
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D: Overall Grain Diameter

T: Grain Thickness

Figure 2. Schematic of rolled ball grain geometry.

Table 3. Input Parameters Used in IBHVG2 to Generate a Pressure History for Rolled Ball
Grain Geometry

Chamber Volume (cm 3) 3X)

Propellant:

Geometry Rolled Ball
Overall Diameter (cm) 0.01
Thickness (cm) 0.(X)5

Mass (g) 91
Impetus (J/g) 1,140
Flame Temperature (K) 3,410
Molecular Weight (g/g-mol) 24.87

Covolume (cm3/g) 0.99()
Ratio of Specific Heats (-) 1.225
Density (g/cm 3) 1.58

Bum Rate Law
Coefficient (cm/s-MPan) 0.16

Exponent (-) 0.00)8
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Figure 4. Schematic of rosette grain geometry.

Table 4. Relation Between Number of Rings and Pertbrations

No. Rings No. Pedbrations

[1 7
2 19
3 37

number of perforations) is

P = 3,n 2  3*n + (2)

A similar procedure to that L, ied to validate the coding for the rolled ball form function was used for the

rosette form function, Input values for the IBHVG2 simulation are given in Table 5. The percent

differences between derived (BRLCB) and assumed bum rates are shown in Figure 5. Although the

7



maximum percent difference is slightly higher than for the rolled ball the results are felt to be acceptable.

Thus, the rosette form function appears to be correctly coded.

"Table 5. Input Parameters Used in IBHVG2 to Generate a Pressure History for Rosette

Grain Geometry

Chamber Volume (cm3) 300

Propellant:

Geometry Rosette
Diameter (cm) 2.9
Length (cm) 3.5
Perf Diameter (cm) 0.3
Inner & Middle Webs (cm) 0.2
Outer Web (cm) 0.3

Mass (g) 91
Impetus (J/g) 1,140
Flame Temperature (K) 3,410
Molecular Weight (-) 24.87
Covolume (cm3/g) 0.996
Ratio of Specific Heats (-) 1.225
Density (g/cm3 ) 1.58

Bum Rate Law
Coefficient (cr:i/s-MPa') 0.16
Exponent (-) 0.908

4. EDITING CAPABILITY

For multi-layered propellant grains, 12 different values (propellant density and thermochemical

information) are required by the code for each lhyer. Such a process is extremely susceptiblo to error

(typing, transposing digits, etc.). Unfortunately, to correct an error, the original version of BRLCB

required the user to re-enter all 12 values for each layer, again crmating a situation which is extremely

error prone. To alleviate this difficulty, an additional option (Option 0) has been incorporated into the

BRLCB program. This option will allw the user to edit the physical properties (density and

thermochemistry) of the propellant.
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The option is acce.s~scd from the Main Menu by typing a zero. Tiic user is then requested to supply

the name of thc Master Informnation File (.MAS extension) containing the propellant data to be coriectcd.

After entering the File name, the user will be allowed to edit the physical properties of each layer of the

propellant material. In operation, the program reads dlie indicated Master Inforrnation File, creates a file

named EDITEL with the form-at shown in Table 6 (example is a three-layer grain) and then invokes the

* ~EMACS editor JOVE (program EDITIN. FOR, ,;ee Appendix B). After the user completes editing (JOVE

* I is exited by typing ESC-Z, escape key followed by the letter z.), Uie Master Information File is rewritten

(program EDOUT.FOR, sce Appendix C). THE NEW INFORMATION WILL OVERWRITE THlE

* ORIGINAL MASTER INFORMATION INDICATED BY THE USER. THIS OPTION SIMPLY EDITS

AN EXISTING MASTER INFORMATION FILE AND DOES NOT CREATE A NEW FILE.

Table 6. Example of EDITFL File

Number of Layers:3

LAYER #: I
Property Beginning Layer End of Layer
Impetus (J/g) 1,100.00 1,200.00
Flame Temp. (K) 3,100.00 3,200.(X)
Density (gem3a) 1.5000(X) 1.600(x)0)
Mol. Wt. 24.00000() 25.000000C
Covolume (Cm 3/g) 1.0000(x) 14. 100000)
Gamma 1.2.000NX) 1. 2 100(X)

LAYER#1: 2
Property Beginning Layer End of Layer
Impetus (J/g) l,2(X).001 1,250.00
Flame Temp. (K) 3,2(X).00) 3,3W.00
Density (gecm3  1.4(XXXX) 1. 450000)
Mol. Wt. 2500XX)00 2'7.(XX00(X)
Covolurne (cni /g) 1.20000(1 1.210000
Gamma I13WX)00 1.310000

LAYER 4:3
Property Beginning Layer End of Layer
Impetus (J/g) I ,3(X).(X) 1,400.00

*Flame Temp. (K) 3,400.00 3,450.00
Density (gemi 3 l.40(XXXO 1.50(XX)O
Mol. Wt. '22.Q)(XX)0 2 1. .xxxx)()
Covolume (cm /g) I .3CU000( I .4(XX)00X
Gamma 1 .22(X)09) I.2500(XX)

1(0



APPENDIX A:

LISTING OF CODE ADDED TO BRLCB FOR VIVACITY CALCULATION

11



INTi-NTI)NALLY LEFr BILANK.

12



:*************** VIVACITY CALCULATION CAN BE ADDED HERE *

353 CALL CLEAR
WRITE(*,2781)

2781 FOPMAT(///,' Do you wish to compute vivacity information?',
1/,' (1=Yes, 2=No)')

WRITE(*,*) 'Enter your choice.'
READ(*,*) IKLB
IF (IKLB .EQ. 1) THEN
WRITE(*,*)'Enter a file name for the vivacity information.'
READ (*, 27822) VIVFIL

2782 FORMAT(A20)
OPEN (UNIT=8, FILE=VIVFIL)
WRITE (8,2783)

2783 FORMAT(' Time (sec) Pressure (MPa) P/PMAX DP/DT
1 Dynamic Vivacity',
2/,' DP/DT has units of million Mra/sec',
3/,' Dynamic Vivacity has units 1/(MPa*sec)',

5/1)
ENDIF
OPEN(UNIT--3,FILE = AI(14), STATUS 'NEW',ERR=86)
REWIND(3)
IST=1
IF (NP .GT. 999) THEN
TST=NP-990
ENDIF
DO 60 I =IST, NP
TX=(I-IST) *A3(42)/I000.

TX=T(I)
IF (ITYPE .EQ. 5) THEN
WRITE(3,k)TX,PP.(I),PDOT(I),EE(l)
ELSE
WRI'IE(3,*) TXPR(I),PDOT(I)
ENDIF
IF (IKLB .EQ. 1) THEN
POPMAX=PR (I) /A3 (43)
VIVY=1.E6kPDOT(I)/ (PR(I)*A3(43))
WRITE(8,2784)TX, PR(I) ,POPMAX,PDOT(l) ,VTVY

2784 FORMAT (5 .1 6)
ENDIF

60 CONTINUE
CLOSE (UN! T-3)
CLOSE (UNIT=8)

13
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PROGRAM EDITIN
CHARACTER*20 FNAME1, A2 (6)*80, Al (20), EDITFL
DIMENSION A3 (100), P (11, 15, 5)
WRITE (*, * 'This option only applies to editing the'
WRITE (A, * 'thermochemistry of a multi-layered grain.'
WRITE (*, * 'Other editing can be achieved by selecting'
WRITE (*, * 'Option 1, Create Master Information File.'
WRITE ( ,)

1000 CONTINUE
WRITE (*, ) 'Enter the file name of the master file
WRITE (A, * 'which is to be edited.
WRITE (A, ) 'include drive and file extension if necessary.'

IFGZ = 1

READ (*, 5000) FNAMEI
5000 FORMAT(A20)

OPEN (UNIT = 9, FILE = FNAME1, STATUS = 'OLD', ERR 1 1010)
REWIND (UNIT = 9)
GO TO 1020

1010 CONTINUE
WRITE (*, 6000)

6000 FORMAT(20X,'The indicated master file does not exist, try again.'
1)

PAUSE
GO TO 1000

C********** READING OLD MASTER FILE TO BUILD FROM *********************

1020 CONTINUE
DO 1030 I = 1, 6

READ (9, 5010) A2 (I)
1030 CONTINUE
5010 FORMAT(A80)

DO 1040 I = 1, 20
READ (9, 5000) Al (I)

1040 CONTINUE
DO 1050 1 1, 100

READ (9, *) A3 (I)
1050 CONTINUE

DO 1060 I = 1, 11
DO 1070 J = 1, 15

DO 1080 K 1 1, 5
READ (9. *) P (I, J, K)

1080 CONTINUE
1070 CONTINUE
1060 CONTINUE

CLOSE (UNIT 9)

C~*****AA** CREATING FILE WHICH WILL BE EDITED **********************

OPEN (UNIT = 9, FILE = 'EDITFL')
REWIND (UNIT 9)

C *******• * * A* * ** *********** *** ** **** ** *** **** **A* * **** *** * ***** ***** *** ***

C**********k*** NOW INFORMTAION FOR EACH LAYER ************************
*A*****A* *A k******************-A**A***********A*****A**A* ** ***A**1

'7



NUMLAY = INT (A3 (4) + •5)
WRITE (9, 6010) FNAME1, NUMLAY

6010 FORMAT(A20,T30,-Number of Layers:',T47,I2)
DO 1090 I = 1, NUMLAY

WRITE (9, *)
WRITE (9, 6020) I

6020 FORMAT (' LAYER #:',I2)
WRITE (9, 6030)

6030 FORMAT('Properity'T20,'Beginning Layer',T40, 'End of Layer')
WRITE (9, 6040) P (2, I, 1), p (2, I, 2)

6040 FORMAT('Impetus (J/g)',T20,FIO.2,T40,F1O.2)
WRITE (9, 6050) P (3, I, 1), P (3, I, 2)

60b0 FORMAT('Flame Temp. (K)',T20,F10.2,T40,FI0.2)
WRITE (9, 6060) P (4, I, 1), P (4, I, 2)

6060 FORMAT(.Density (g/cc)',T20,F10.6,T40,FI0.6)
WRITE (9, 6070) P (5, I, 1), P (5, I, 2)

6070 FORMAT('Mol. Wt.',T20,F1O.6,T40,F1O.6)
WRITE (9, 6080) P (6, I, 1), P (6, I, 2)

6080 FORMAT('Covolume (cc/g)',T20,F1O.6,T40,FIO.6)
WRITE (9, 6090) P (7, I, 1), p -(7, I, 2)

6090 FORMAT('Gamma',T20,FIO.6,T40,FIO.6)
1090 CONTINUE

CLOSE (UNIT = 9)
END

.. .I



APPENDIX C:

LISTING - PROGRAM EDOUT.FOR

19



INTENTIONALLY LEFT 1LANiý.

20



PROGRAM EDOUT
COMMON A3 (100), P (11, 15, 5)
CHARACTER*20 FNAME1, A2 (6)*80, Al (20), LINE*80C* ******** ****** ******* **** ** **** ***** *k* ****************** ************* ****

C******************* READING EDITED FILE: EDITFL *

OPEN (UNIT = 9, FILE = 'EDITFL')
REWIND (UNIT = 9)
READ (9, 5000) FNAMEI, NUMLAY

5000 FORMAT(A20,T47,I2)
OPEN (UNIT = 10, FILE = FNAMEl)
REWIND (UNIT = 10)

C***k************* READING MASTER FILE TO REBUILD *

1000 CONTINUE
DO 1010 I 1 1, 6

READ (10, 5010) A2 (I)
1010 CONTINUE
5010 FORMAT(A80)

DO 1020 I = 1, 20
READ (10, 5020) Al (I)

1020 CONTINUE
5020 FORMAT(A20)

DO 1030 I = 1, 100
READ (10, *) A3 (I)

1030 CONTINUE
DO 1040 I = 1, 11

DO 1050 J-- 1, 15
DO 1060 K = 1, 5

READ (10, *) P (I, J, K)
1060 CONTINUE
1050 CONTINUE
1040 CONTINUE

CLOSE (UNIT = 10)C* ** ***************** ** **** ** ***** ******* *** ********* *** ** ******** *** ****

C****** NOW INFORMTAION FOR EACH LAYER IS READ FROM FILE******-**********

DO 1070 I NUMLAY
READ (9, 5030) LINE

5030 FORMAT(A80)
READ (9, 5030)
READ (9, 5030)
READ (9, 5040) P (2, I, 1), P (2, I, 2)

5940 FORMAT(T20,F10.2,T40,F10.2)
READ (9, 5050) P (, I, 1), P (3, 2)

5050 FORMAT(T20,FI0.2,TT40,F].0.2)
READ (9, 5060) P (4, I, 1), P (4, I, 2)

5060 FORMAT (T20,F10.6,T40,F10.6)
READ (9, 5070) P (5, I, 1), P (5, I, 2)

5070 FORMAT(T20,F10.6,T40,F10.6)
READ (9, 5080) P (6, 1, 1), P (6, I, 2)

5080 FORMAT(T20,F10.6,T40, F10.6)
READ (9, 5090) P (7, I, 1), P (7, i, 2)

21
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5090 FORMAT (T20,F10.6,T40,Fl0.6)
P (9, 1, 1) 1.98717/P (5, (, 1)
P (9, 1, 2) = 1.98-717/P (5, 1, 2)

P (10, I, 2) = P (9, I, 2)/(P (7, I, 2) - 1.)
P (10, 2) = P (9, I, 2)/(P (7, 3 , 2) 1.)
P (11, 1, !) P -(10, 1, I)*P (3, 1, 1)

P (11, I, 2) P (10, I, 2)*P (3, I, 2)
1070 CONTINUE

CLOSE (UNIT = 9)

C* ** * INTEGRALS ARE UPDATED ****************************k
C *** *****•* * ** ****** ***** ** ******** ***** **** ****** **** *** *** **** ***********

CALL COMMASS

C**************k** MASTER FILE IS REWRITTEN *
C********** *k,******************************t

OPEN (UNIT = I, FILE = FNAME1)
1030 CONTINUE

DO 1090 I = 1, 6
WRITE (7, 6000) A2 (I)

6000 FORMAT(A80)
1090 CONTINUE

DO 1100 1, 20
WRITE (7, 601.0) Al (I)

6010 FORMAT(A20)
1100 CONTINUE

DO 1110 1 1 1, 100
WRITE (7, *) A3 (I)

1110 CONTINUE
DO 1120 I = 1, 11

DO 1.130 J = 1, 15
DO 1140 K - 1, 5

WRITE (7, *) P (I, J, K)
1140 CONTINUE
1130 CONTINUE
1120 CONTINUE

CLOSE (UNIT = 7)
END

******* ******** *****************************************-*****

C******************A*SU*ROUTINE COMMASS*******************************

SUBROUTINE COMMASS

"C Version 3.0, January 1992
C
C THIS SUBROUTINE WILL COMPUTE THE INITIAL MASS PER LAYER AS WELL AS
C THE INTEGRALS OF EACH PROPERTY
C

COMMON A3 (100) , " (11, 15, 5)
IGTYPE = INT (A3 (45) + .5)
IF (ICTYPE .GT. 14) THEN

I•TYPE = 15
END IF
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NL = INT (A3 (4) + .5)

IGQR = INT (A3 (31) + .5)

C**************A** STORAGE LOCATION FOR INTEGRAL ARE ZEROED *

DO 1000 I = 2, 11
DO 1000 J - 1, 15

P (I, J, 3) = 0.0
1000 CONTINUE

IF (IGQR .EQ. 1) THEN
xi = 0.0
CALL FORMT (IGTYPE, ASURF, VOLUNB, XI)
P (8, 1, 3) = VOLUNB
DO 1010 I = 2, 11

P (I, 1, 3) = P (I, 1, 1)*P (8, 1, 3)
1010 CONTINUE

A3 (3) = P (4, 1, 3)
RETURN

END IF
DO 1020 J = 1, NL

C************.***k DETERMINE X VALUES FOR INTEGRATION *

IF (J .EQ. NL) THEN
XS = P (1, J, 1)
XL = A3 (1)

ELSE
XS = P (1, J, 1)
XL P (1, J + 1., 1)

END IF
C ** **** ******4 **** ******* ** k*W*** k**** • ******A-***4*9**4****- ****'A'W**"* *4*4*4-k 4**

C**A*-************k***** ALWAYS 300 SUBDIVISIONS **********A***********

XDEL = XL - XS
XSTEP = XDEL/300.
DO 1030 I = 1, 301

XI = XS + (I - l)*XSTEP

CALL FORMT (IGTYPE, ASURF, VOLUNB, XI)

DO 1040 K = 2, 11
PDEL = P (K, J, 2) - P (K, J, 1)

*** ***** *** ******** A*A-* ************ * ***** ** A*******AA* * * ** *** * ********* ** ***,44*4***4***4**4*4INTEGRATION IS PERFORMED**4*4**44**4

FCN = ((PDEL/XDEL)*(XI - XS) + P (K, J, i))*ASURF
is ((I EQ. i) .OR. (I EQ. 301)) THEN

P (K, J, 3) P (K, J, 3) + FCN
ELSE

P (K, J, 3) P (K, J, 3) + 2.*FCN
END IF

1040 CONTINUE
1030 CONTINUE

DO 1050 K 2, 11
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P (K, J, 3) = P (K, j, 3)*(XDEL/600.)
1050 CONTINUE
1020 CONTINUE

*** *** * * **** k* * ********** *k** ********** * ********** ***** *** ****** ** **** ***

,*********4*********4** MASS OF SINGLE GRAIN *

DO 1060 I = I, NL
A3 (3) = A3 (3) + P (4, I, 3)

1060 CONTINUE
RETURN
END

C*

*** *A* * *** * * * ** SUBROUTINE FORMT *********************************
C*

C*
C ICODE: code for type of grain
C R : burn depth
C GL: unburned grain length
C D : unburned outer diameter
C PD: unburned perforation diameter
C WI, WM, WO: inner, middle and outer webs respectively

* C

C Output:
C SFAREA: surface area
C FRCSFA: surface area/initial surface area
C VOLUNB: unburned volume
C VOLBRN: burned volume
C FRCBRN: burned volume/initial volume
C VOLMAO: unburned volume of outer layer
C VOLMBO: unburned volume of inner layer
C VOLABR: burned volume of outer layer
C VOLBBR: burned volume of inner layer
C

SUBROUTINE FORMT (ICODE, SFAREA, VOLUNB, R)
COMMON A3 (100), P (11, 15, 5)
DIMENSION S7 (4), S19 (3, 4)
DATA RT/1.732050808/, P13/1.047197551/, PI/3.141592654/

** *****A***** * ***** ****S*T G*AI * GE *TY************* *********** *k*******

GL = A3 (7)
D = A3 (8)
PD = A3 (9)
WI = A3 (10)
WM = A3 (11)
WO = A3 (12)

* C************************k************k*** *************k******************C******** Set U =2*(depth burned) and branch to graiti type .*****

U 2.0*R
***** ** **** *****-Ak** ****A**** * * ***** ** *****A* ** ** **** ***** * *-A* ***** ** ** ****
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C****** FINDING N1UMBER OF RIGNS FOR ROSETTE GRAIN AND VALUES*k***k

C****** FINNDING NUMBER OF RIGNS FOR ROSETTE GRAIN

IF (ICODE .EQ. 15) THEN
NRGS INT (A3 (45) - 150. + .5)
NIZ =6*NRGS*NRGS

NOZ 6*NRGS
NCZ 6

C**k******A***TEST TO DETERMINE IF METHOD APPLICABLE********

TOPIP = WO* (PD + NO)
BOTT = .5*WI*(PD) + WI)
I, (BOTT .GT. TOPP) THEN

WRITE (*, *)
'The grain geometry does not satisfy the assumption'

WRITE (,*
'made in determining the surface area and unburned'

WRITE (*, *)
'volume of a grain. Use any results with caution.'

END IF
DPRIML = PD + U

C*************OUTER SLIVER IS COMPUTED

THETA = 2.*ACOS (AMINi (I., (WI + PD,)/DPRIME))
- ITOPP N I/2. + PD/2.

BOTT = WO + PD/2,
ALPHA ACOS (TOPP/I3OTTr)
IF (U .LE. WO) THEN

ARLAl .5*(PI/2. - ALPHA)*((PD - U +- 2.*WO)/2.)**2
IXREA2 =.5*((WI + PD)/2.)*(PD/2. + WO)*SIN (ALPHA)
AREA3 = 5*(PI/2 - ALPHA)*(U/2.)**2
AREA4 .5*(PI/2-. (THETA/2.fl*(DPRIML/2.)**2
AREA5 =.5*((WI A- PD)/2,)*(DPYTME/2.)*SIN (THETA/2.)
EOZ = 2 .* (ARLAl +- AREA2 - AREA3 -AREA4 - AREA5)
XLENI (P1/2. - ALPHA)*C (PD - U 42.*WO)12.)
XLEN2 =(P1/2. - ALPIIA)*(U/2.)
XLEN3 -(P1/2. - (THETA/2.))*(DPRIME/2.)
SOZ 2.*(GL - U)*(XLENT + XLEN2 + XLEN3)

EL SE
TO)P P 2.*WO* (PD +- NO)
[30TT PD +SQRT ((2.kWO - WI)*(2.*PD 4+ 2.*WO WA )

IF (U .LE. (TOPP/BOTT)) THEN
TOPP PD*DPRIME. 2. *WO' (PDl -4 WO)

ROTT DPRIME*(PD 2.*WO)
BEýTA =ACOS CTOPP/BOTT)

TOPP =2.*WO*(PD iWO) - (PD*U)
BUTT =U*(PD + 2.*WO)
GAMMA - ACOS (TOPP/' BOTT)
AREAl =- 5*(PD/2. + WO)*(DPR-TME/2.)*

SIN (ALPHA -THETA/2.)
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AREA2 = .5*(PD/2. + WO)*(DPRIME/2.)*SIN (BETA)
AREAJ - .5*(ALPHA - BETA -THETA/2.)*(DPRIME/2.)**2

AREA4 = .5*(PI/2. - ALPHA -GAMMA)*(U/2.)**2

EOZ =2.*(AREAl -AREA2 -AREA3 - AREA4)
XLENI =(P1/2. -ALPHA -GAMMA)*(U/2.)

XLEN2 (ALPH1A -BETA -TH~ETA/2.)*(DPRIME/2.)

SOZ = 2.*(GL, - U)M(XLENI + XLEN2)

J ELSE
EOZ = 0.0
SOZ = 0.0

END IF
END IF

C***********k* k** NOW CORNER IS COMPUTED

IF (U .LE. WO) THEN
AREAl =.5*PI/3.*((PD + 2.*WO -)2)*

AREA2 = .5*PI/3.*(DPRIME/2.)**2
ECZ = AREAl - AREA2
XLEN1 = PI/3.*((PD + 2.*WO - U)/2.)
XLEN2 = PI/3,*CDPRIME/2.)
SCZ = (GL - U)*(XLEN1 + XLEN2)

ELSE
EGZ = 0.0
scz 0.0

"I ~END IF

C**********A**FINALLY THE INNER SLIVERS*****A*******-*

SQRT3 = SQRT (3.)/2.
TOP? = (WI + PD)/SQRT3 - PD
IF (U .LE. TOPP) THEN

AREAl = 5*SQRTr3* (WI + PD)**2
AREA? = .5*(WI + PD)*(DPRIME/22)*SIN (THETA!?.)
AREA3 -- .S*(Pt/3. - THETA)*(DPRIME/2.)**2
EIZ = AREAl - 3.*(AREA2 + AREA3)
XLEN1 - (PI/3 -THETA)*(DPRIME/2.)

*1SIZ - 3. *(GL -U) *XLEN1
ELSE

EIZ = 0.0
SIZ = 0.0

END IF

C**k*&kk***k****** SURFACE AREA AND UNBURNED VOLUME COMPUTED

E -- NIZ*EIZ + NOZ'20Z +V NCZ*ECZ
SFAREA 2.*E + NIZ*SIZ + NOZ*SOZ +NCZ.*SCZ

VULUN13 E* iGL - U)
RETURN

END IF'

C*****k***kkk~k***ROLLED BALL GRAIN *******kk*k****

IF (IECODE .EQ. 14) THEN

- ----- a -----



DD - A3 (8) - A3 (7)
TT = A3 (7) - U
SFAREA = PI/2.*(DD**2 + 2.*TT**2 + PI*DD*TT)
VOLUNB = TT*PI/2.*((DD**2)/2. + (TT**2)/3. + (PI*DD*TT)/4.)
RETURN

END IF
C***** * * * *-* * A**** *********IG*ARE*TE*GRAI ****A****** ***'A* ************* * *** ***

CIGARETTE GRAIN** A*************************A***

IF (ICODE EQ. 13) THEN
SFAREA = PI*D*D/4
VOLUNB D (GI. - R)*SFAREA
RETURN

END IF
C*A*A******k*** ******************************

C****A********k*** ALL OTHER GRAINS ARE HANDLED ************************

GO TO ( 1000, 1010, 1020, 1030, 1040, 1050, 1060, 1070,
1 1.080, 1090, 1100, 1110), ICODE

C*******4**k**AA**** CODE 1: 7-PERF GRAIN *

C*** This part calculates the conditions before the grain burns.
**********************************************A***

1050 CONTINUE
D 3.0*PD + 2.0*(WI + WO)
EO = PI*(D**2 - 7.0*PD**2)/4.0
SO = PI*(D + 7.0*PD)*GL + 2.OAEO
VO EO*GL
WW WI + PD
DO 1120 K 1, 3

S7 (K) = WW
1120 CONTINUE

WEBC ý AMINI (WO, WI, GL)

C*** This part does the calculations for the burning grain.
C*k**k***kAA*A*AAA*********A**A**A*********A*******************A*i*4********

GRL = AMAXI (GL - U, 0.0)
OD = D - U
PRED ý PD + U
IF (U GT. WEBC) GO TO 1130
E = PI*(OD**2 - 7.0*PRFD**2)/4.0
SFAREA - PI*(OD + 7.0*PRFD)*GRL + 2.0*E
FRCSFA = SFAREA/SO
VOLUNE = E*GRL
VOL8RN = VO - VOLUNB
FRCBRN - VOLBRN/VO
RETURN

C*** This part does the calculations for when the grain slivers. *

1130 CONTINUE
CALL GENIS (S7, PRFD, GRL, SF1, GV1)
CALL GENOS (S7, PRFD, GRL, 0.5*OD, SF2, GV2)
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SFAREA = 6.0*(SFI + SF2)
FRCSFA = SFAREA/SO
VOLUNB = 6.0*(GVl + GV2)
VOLBRN = VO - VOLUNB
FRCBRN = VOLBRN/VO
RETURN

C******************* CODE 2: 1-PERF GRAIN *

C*** This part calculates the conditions before the grain burns.
*********** *******k****** ** ********************************

1030 CONTINUE
D = PD 4 2.0*WI
E= PI*(D**2 - PD**2)/4.0
SO = PI*(D + PD) *GL + 2.0*EO
VO EO*GL
WEBC = AMINI (GL, WI)

C******* This part does the calculations tor the burning grain. *

IF (U .GE. WEBC) THEN
GRL = 0.0
E :0.0
GO TO 1140

END IF
GRL = GL - U
OD D - U
PRFD = PD + U
E = PI*(OD**2 - PRFD**2)/4.0

1140 CONTINUE
SFAREA = PE*(OD + PRFD)*GRL + 2.0*E
FRCSFA = SFAREA/SO
VOLUNB = E*GRL
VOLBRN = VO - VOLUNB
FERCBRN = VOLBRN/VO
RETURN

C*******A************ CODE 3: CORD GRAIN *****************************

C*** This part calculates the conditions beforo the grain burns. *k*k*

1010 CONTINUE
SO = GL*PI*D + PI*D**2/2.0
VO = GL*PI*D**2/4.0

Ck** This part does the calculations tor the burning brain.
GRL - AMAXI (GL - U, 0.0)
OD - ANAXI (D - U, 0.0)
E PI*OD**2/4.0
SFAREA = PI*OD*GRL + 2.0*E
FRCSFA = SFAREA/SO
VOLUNB = GRL*PI*OD**2/4-0
VOLBRN = VC - VOLUNB
FRCBRN = VOLBRN/VO
RETURN
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C***x*********k****** CODE 4: RECTANGULAR STRIP GRAIN **************

1020 CONTINUE
SO = 2.0*(GL*D + D*WI + GL*WI)
VO = GL*D*WI
GRL = AMAXI (GL - U, 0.0)
DS - AMAXI (D - U, 0.0)
WIS = AMAXi (WI - U, 0.0)
SFAREA 2.0*(GRL*DS + DS*WIS + WIS*GRL)
FRCSFA SFAREA/SG
VOLUNB GRL*DS*WIS
VOLBRN = VO - VOLUNB
FRCBRN = VOLBRN/VO
RETURNC******~****************** *************A***************************A ******

C**************i**** CODE 5: SPHERICAL GRAIN *
C************** ****************************************************** ** *

1000 CONTINUE
SO - PI*D**2
VO = PI*DA*3/6.0
OD = AMAXI (D - U, 0.0)
SFAREA = PI*OD**2
FRCSFA 7 SFAREA/SO
VOLUNB PI*OD**3/6.0
VOLBRN VO - VOLUNB
FRCBRN - VOLBRN/VO
RETURN

C******************************************************A*k***k*k*k*AA*** *

C***i**********k*** CODE 6: SLOTTED-TUBE GRAIN *

C*** This part does the calculations before the grain burns. ********

1040 CONTINUE
SLOT - 0.5*WM
SO = 0.5*D
SI = 0.5*PD
THETA = ASIN (SLOT/SO)
ALPHA = ASIN (SLOT/SI)
EO = (P. - ALPHA)*(SO**2 - SI**2) + (SO - SI)**2*ALPHA
SO = 2.0*((PI - ALPHA)*SI + (PI - THETA)*SO + (SO*COS (THETA)

1 - SI*COS (ALPHA)))*GL + 2.0*E0
VO = GL*EO
WI SO - SI
WEBC = AMINI (GL, WI)

C> Ak This part doe-, the calculations for the burning grain. *

IF (U .GE. WEBC) THEN
GRL = 0.0
F -- 0.0
GO TO 1150

END IF
SLOT = 0.5*(WM + U)
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SO = 0.5*(D - U)
SI = 0.5* (PD + U)
GRL -- GL - U
THETA - ASIN (SLOT/SO)
ALPHA = ASIN (SLOT/SI)
E = (PI - ALPHA)*(SO**2 - SI**2) + (SO - Sl)**2*ALPIA

1150 CONTINUE
SFAREA = 2.0*((PI - ALPHA)*ST + (PT - THETA)*SO + (SO*COS (THETA)

1 - SI*COS (AI,PHA)))*GRL + 2.0*E
FRCSFA SFAREA/S0
VOLUNE = E*GRL
VOLBRN = VO - VOLUNB
FRCBRN = VOLURN/VO
RETURN

******************** CODE 7: ROUND-HEX 37-PERF GRAIN **************

1.090 CONTINUE
SO - 18.
SI - 54.
NPERF = 3"7
D = 7.0*PD + 6.0*WI + 2.0*WO
GO TO 1160

* ** CODE 8: ROUND-HEX 19-PERF GRAIN *C** ** * **** *A* *** *** ***** * ***** ******9,******* ************ * **** ***** ******* *

1080 CONTINUE
SO3= 12.0
SI - 24.0
NPERF = 19
D - 5.0*PD + 4.0*WI + 2.0*WO

*C************* ***************************k*******************************

C**********k******* CALCULATIONS FOR CODES 7,8,10 ********************
C************k~'ktk****** AA *****9***********************-A~k*WW**'*:*t-*******

1160 CONTINUE
WW = WI + PD
WW2 = WW**2
PRVD PD i- U
PRFD2 = PRFD**2
GRL = AMAXi (GL - U, 0.0)
E - 0.0
THETA = 2,0*ACOS (AMIN1 (WW/PRFD, 1.0))
ALPHA = ACOS (AMIN1 ((2.0*WO + PD - U)/PRFD, 1.0))
IF (U .LT. WO) E = 0.25*PI*((2.0*WO + PD - U)**2 - PRFD2)
IF (THETA GE. P13) GO TO 1170
E = E i- SIkO.25*(WW2*RT - 1.5*PRFD2*(SIN (THETA) + P13 - THETA))

1170 CONTINUE
IF (ALPHA .GE. 0.5*(PI - THETA)) GO TO 1180
E = E + SO*0.125*(2.0*(2.0*WO + PD - U)*(2.0*

I WW - PRFD*SIN (ALPHA))
2 - PRFD2*(SIN (THETA) PI - 2.0*AIJPEIA - THETA)

1180 CONTINUE
IF (2.0*WO + PD .LT. WI) THEN

WRITE ( k, A) '*FORMT* BAD HEX PROP'
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PAUSE
GO TO 1190

END IF
VOLUNB = E*GRL

C*A***************** TEST TO SEE IF GRAIN CONSUMED ******************

IF (VOLUNB .LE. 0.0) THEN
SFAREA = 0.0
VOLUNB 0.0
GO TO 1190

END IF
C********A***A A k **** AANOW TIHE SURFACE *RA*******************A*****

PH - D/2. - WO - PD/2.
i. (U ,EQ. 0.0) THEN

SFAREA = 2.*E i- GRLAPIIG6. + NPERF*PI*PD*
I GRL + PI*GRL*(2*WO + PD)

GO TO 1190
END IF

C*A************************NO SLIVERING E***************AA**A*******
IF ((WO .GT. U) .AND. (WI .GT. U)) THEN

-SFAREA ý 2.*E + NPERF* (PD + U)*GRL*PI + 6 .*PHA
I GRL + PI*(2.*WO + PD - U)*GRL

GO TO 1190
END IF

* C*A*AA***AAA*A*A*AA**A NOW SLIVERING ***A*A***A***AA****AA******
SFAREA - 2,*E

C*********k***A*AA**AA** FIRST THE,] INNER SLIVERS *

IF (THETA .GE. P13) THEN
GO TO 1200

"ELSE
* SFAREA " SFAREA + 1.5*PRFD*GRL* (P13 - THETA)*SI

END IF
1200 CONTINUE

C********A****** NOW THE OUTER SLIVERS & CORNERS ***************A****
*************** ***** CORNERS NOT CONSUMED ***************AA*A*Ak**

IF (WO .GT. U) THEN
SFAREA ý SFAREA + PI*(PD + 2.*WO - U + PRFD)*GRL

END IF
A*A*A**A*** ** A* k~k** *NOW UUTER SLIVERS********AA**A A *AA*A *kA' **A** -A

IF (ALPHA .LT. .5 (PI - THETA) ) THEN
SFAREA = SFAREA i (WW - PRFD*SIN (ALPHA)) *GRLASo 4

i PRFDAGRL* (P1/2. - ALPHA - TIIETA/2.) *SO
END IF

1190 CONTINUE
RETURN

C************Akkk*** CODE 9: 19-PERP GRAIN *****A***A*******AA*AA**

C-*A This part calculates the conditions before the grain burns *
A Ak * A k * A k k k k A k**k A k* * * A A A k* ** * * Ak * A A **k-* A, k Ak A k* A h k k * * * k * A *

1070 i:ONTINUE
D 5.0'PD I 2.0* (WI + WM ± WO)
EO PI*(D**2 - 19.0*PU**2)/4.0
SO = P1 4 (D f- 19.0*PD)AGL F 2.OAEO
VO EO AGL
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S19 (1, 1 = WI + PD
519 (2, 1 = S19 (1, 1)
S19 (3, 1) = s19 (1, 1)
S39 (1, 2) = 0.5*SQRT (3.0*(WM + PD)**2 + (WI + PD)**2)
S19 (2, 2) = S19 (1, 2)
S19 (3, 2) = S19 (1, 1)
S19 (1, 3 r PD ± 0.5*CWI + WM)

S19 (2, 3) = S19 (1, 2)
S19 (3, 3) = WM + PD
S19 (1, 4) = S19 (1, 3)
S19 (2, 4) = 2.0*S19 (1, 3)
S19 (3, 4) = S19 (1, 3)'RT
WEBC = AMINi (WO, WM, WI, S19 (1, 3) - PD, S19 (1, 2) - PD, GL)

C*** This part does the calculations for the burning grain. *

GRL AMAXI (GL - U, 0.0)

OD = D - U
PRFD = PD + U
IF (U .GE. WEBC) GO TO 1210
E = 0.25*PI*(OD**2 - 19.0*PRFD**2)
SFAREA = PI*(OD + 19.0*PRFD)*GRL + 2.0*E
FRCSFA = SPAREA/S0
VOLUNB = E*GRL
VOLBRN = VO - VOLUNB
FRCBRN - VOLBRN/VO
RETURN4

1210 CONTINUE
SUMSA 0.0
SUMGV = 0.0

DO 1220 K 1 1, 2
CALL GENIS (S19 (1, K), PRFD, GRL, SA, GV)
SUMSA = SUMSA + 6.0*SA
SUMGV = SUMGV + 6.OCGV

1220 CONTINUE
CALL GENIS (519 (1, 3), PRFD, GRL, SA, GV)
SUMSA ý SUMSA 4- 12.0*SA
SUMGV = SUMGV + 12.0*GV
CALL GENOS (S3.9 (1, 4), PRFD, CR5, .5*OD, SA, GV)
SUMSA = SUMSA + 12.0*SA
SUMGV = SUMGV + 12.0*GV
SFAREAf SUMSA
FRCSFA SFAREA/S0
VOLUNB "- SUMGV
VOLBRN VO - VOLUNB
ERCBRN = VOLBRN/VO
RETURN

CA**k*****k****A***** CODE 10: ROUND-HEX 'I-PERF GRAIN ***'****A******r
**k * A * *** A * A A * * * * k*** * * * *** ** A k* * A * k k** * * ** * A * A,* * *AAA-k k k*x***

1060 CONTINUE
SO = 6.0
S1 6.0
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NPERF 7
GO TO 1160

C******************* CODE 11: CORD WITH INHIBITED ENDS *****************

C This routine will only calculate the surface area of the lateral surfa
Cces.
C It will not calculate the surface area of the inhibited ends. ******

1100 CONTINUE
SO = GL*PI*D
VO = GL*PI*D**2/4.0

C * This part does the calculations for the burning grain
OD = AMAXI (D - U, 0.0)
SFAREA PI*OD*GL
FRCSFA SFAREA/SO
VOLUNB = GL*PI*OD**2/4.0
VOLBRN = VO - VOLUNB
FRCBRN = VOLBRN/VO
RETURN

C**k******* CODE 12: RECTANGULAR STRIP GRAIN WITH INHIBITED SIDES ******

C This routine will only calculate the surface area of the two burning s
Cides.
C It will not calculate the surface area of the inhibited sides.

1110 CONTINUE
SO = 2.0*GL*WI
VO = GL*D*W7
VOLMAO = (D - WI)*GL*WO
VOLMBO ý WI$GL*WO

C *** This part does the calculations for the burning grain
DS = AMAX1 (D - U, 0.0)
SFAREA = 2.0*GL*WI
FRCSFA = SFAREA/SO
VOLUNB = GL*DS*WI
VOLBRN = VO -- VOLUNB
FRCBPN = VOLBRN/VO
IF (D, . GE. WI) THEN

VOLABR = VOLBRN
VOLBBR = 0.

ELSE
VOLABR = VOLMAO
VOLBBR = VOLBRN - VOLABR

END IF
RETt {N
END

C * W********* * * **'e '*WW**** ********** *WW •* * W% • *W*W*-*** * * * *** ***** ** * ** **W

C
C SUBROUTINE *GENIS*: calculate surface crea and volume for a
C general inner sliver of a burning grain
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C with length = GRL & perforation dia. PRFD.
C

SUBROUTINE GENIS (S, PRFD, GRL, SURF, VOL)
DIMENSION S (3), A (4)
DATA P12/1.5707963,'

C
C
C * Store angles A1,A2,A3 and area of triangle
C with sides S(1),S (2),S(3) into A(1) ... A(4)
C

A (1) = ACOS ((S (2)**2 + S (3)**2 - S (I)**2)/(2.0*S (2)*S (3)))
A (2) = ACOS ((S (1)**2 + S (3)**2 - S (2)**2)/(2.0*S (1)*S (3)))A (3) =ACOS ((S (1)**2 ± S (2)**2 - S (3)**2)/(2.0"S (1)*S (2)))

A (4) = 0.5*S (1)*S (3)*SIN (A (2))
C
C ... check for error condition: find if triangle acceptable...
C

J = 0
DO 1000 I 1 1, 3

IF (A (I) .LT. 0.5*PI2) J = J + 1
1000 CONTINUE

IF (J .GT. 1) STOP ' GENIS ERROR'
C
C
C succeeding passes until burnout: find auxiliary angles
C

TAU12 = ACOS (AMINI (1.0, S (3)/PRFD))
TAU13 - ACOS (AMINI (1.0, S (2)/PRFD))
TAU23 = ACOS (AMINI (1.0, S (l)/PRFD))

C
C ... and branch to 25 if sliver fails burnout criteria. If not
C then sliver is burned and go to 30.
C

IF (TAU12 + TAU13 + TAU23 .LT. P12 .AND. GRL .GT. 0.0) THEN
GO TO 1010

ELSE
GO TO 1020

END IF
C
C
C sliver not burned out: determine end area, volume and surface area
C

1010 CONTINUE
E = A (4) - 0.25*PRFD*(S (1)*SIN (TAU23) ý S (2)*SIN (TAU13)

1 + S (3)*SIN (TAU12) + PPFD1,(P12 - TAU12 - TAUI.3 - TAU23))
C

VOL E*GRL

SURF = 2.0*E + GRL*PRFD*(P12 - TAU12 - TAU13 - TAU23)

C
C ... and RETURN
C

RETURN
C
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C sliver is burned out: return with zero volume and surface area.
C

1020 CONTINUE
VOL = 0.0

SURF =0.0
RETURN
END

* 94•{'-4¢9:* •'k*** k**kkkAA,**kk***•*****k*k~**1 ***k*k~****************

C SUBROUTINE "GENOS" : Calculates surface area and volume for a
C general outer sliver of a burning grain
C with length = GRL, radius = RAD, and

* C perforation diameter = PRFD
C

SUBROUTINE GENOS (S, PRFD, GRL, RAD, SURF, VOL)
DIMENSION S (3), A (4)

C
C * Store angles A1,A2,A3 and area of triangle
C with sides S(1),S(2),S(3) into A(1) ... A(4)
C

A (1) = ACOS ((S (2)**2 + S (3)**2 - S (1)**2)/(2.0"S (2)*S (3)))
A (2) = ACOS ((S (1)*,2 + S (3)**2 - S (2)**2)/(2.0*S (1)*S (3)))
A (3) = ACOS ((S (l)**2 + S (2)**2 - S (3)**2)/(2.0*S (1)*S (2)))
A (4) = 0.5*2 (1)*S (3)*SIN (A (2))

C
C
C succeeding passes until burnoul.: determine auxiliary angles
C

TAUI = ACOS (AM!Nl (I., (S (2)**2 + RAU**2 - 0.25*
1 PRFD**2)/(2.*S (2)*RAD)))

TAU2 = ACOS (AMINl (l., (S (3)**2 + RAD**2 - 0.25*
1 PRFD**2)/t2.*S (3)*RAD)))

TAU3 = ACOS (P.14AXI ( - 1.0, (S (2)**2 - RAD**2 + 0.25*
1 PRFD**2)/(S (2)*PRFD)))

TAU4 = ACOS (AMAXI ( - 1.0, (S (3)k*2 - RAD**2 ± 0.25*
1 PRFD**2)/(S (3)*PjRF'D)))

C
SIG = ACOS (AMINI (1.0, S (1)/PRFD))

C

C ... then check error conditions...
"C

IF (TAU3 .LT. A (3) .OR. TAU4 .LT. A (2)) L;'11OP ' *GENOS* ERROR'
C
C ... IF ok, check if sliver burned out. If not burned out go to 25.
C If burned out go to 30.
C

IF' (TAUI 1 TAU2 .LT. A (1) .AND. GPL .CT. 0.0) THEN
GO TO 1000

ELSE
GO TO 1010

END IF
C
C
C sliver not burned out: determine end area, volume and surface area.
C3
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1000 CONTINUE
E = 0.5*RAD*(S (2)ASTN (TAUl) + RAD*(A (1) - TAUI - TAU2)

1 + S (3)*SIN (TAU2)) - A (4) - 0.25*PRFD*(S (1)*SIN (SIG)
2 1- 0.5*PRFD*(TAU3 + TAU4 - 2.0*SIG - A (2) - A (3)))

C
VOL = E*GRL

C
SURE = 2.OkE A GRL*(RADI(A (1) - TAUl - TAU2) + 0.5*PRFD*(TAU3
1 + TAU4 - 2.0*SIG - A (2) - A (3)))

C

C .. .and RETURN.
C

RETURN °"-

C sliver is burned out: return with zero volume and surface area.
C

1010 CONTINUE
VOL = 0.0
SURF = 0.0
RETURN
END
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